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Abstract

The connections between laboratory mcasurcnlcmts aucl remote  scnsiug observations of sea

ice are cxplorcci. The focus of this palmr is OH thin  ice which is more easily sirnulatcx]  ill a

laboratory environment. WTc s(ltnmatizc  results of C-band  scatteromctcr  mcasurcmcmts and

discuss how they may help in the intcrpretatiou  of remote scming  data. MTC compare the

measurements with observations of thiu ice from FIRS and airborne Iadat data sets. It;c

suggest, that, laboratory backscatter  signatures should serve as bounds on the iuterprctation

of remote  sensing data. Wc cmlliuc  these bouxlds froln ttle per~)ccti~’c of t]lin ice signatures,

the effect of tempcratutc,  aud surface I)roccsscs SUCII as frost flowers arid sluslI oII these

signatures. Controlled cx~)crimcnts  also suggest, nmv dircctious  ill remote scnsiug mcasurc-

mcnts. The potential of polariInctric  xwiat  mcasurmnmts  in the retrim’al of thickIless  of thin

ice is discussed. In additiorl  to the radar results, we discuss the importance of low-frcqumcy

passiw measurcmcllts  with respect to the thickuess of thin ice.



1 Introduction

EV(’11 tJIOllgll  thin ic(> o(clll)i(w a sl[lall  itIoill ft’il(”tiO1l of tfl(’ Arct ic  sm i(v (ot(’r, t l[e fl{lx

of heat froltl t,hc relatively warn] o(wall  tllrollgh this icc is coln~mral)l(: to t [Iat illt(’grilt C(1

over the larger fraction of thicker ice [A4a!ykut,  1978]. II(IIIcc, the i(lclltificatioll  of t]lin iw

in remote  scllsing  data has txwn all inl~)ortatlt  goal for ~)rovi(iing  111(’tlsllrc:lllcllts  to sul)lmrt

a varietjr  of r)rocess studies and clilnate  change rcwarch. Active ali(l  passive lllicro\vavc

sensors arc the current sensors of choice bccallse  of their  day and nipjt  ~’i(:}ving  capabilities

and because they arc relatively unaff’cctcd  by clouds and other atmospheric conditions. :In

additional quality of active microwave smsors, like scattmolnctm  and synthetic alwrtutc

radars, is that they provide high rcsolutioll n~ap~)ing of the polar  ice covers. IIcnvever,  the

goal of clcri\’ing ice thickness from microwave data sets has ~)rovwl (!lusivo l)eca~w these

smsors C1O no provide direct rlleasurcInmts  of icc thickness. ‘1’hc ex[lissivity all(l I)ackscattcr

are measurements of the surface and vo]ultic  (:lcctl’olt~ag[letic ~)ropcrtics  of sea ice ~vllich  arc

only sometimes corrclatml  to ice thickness. I{ather than classify the micro~vavc  obs(’rvatior[s

into specific thickness categories, current  rolltine allalyscs [Cavalicri  et al., 1984, Kumk et

al., 1992] of these data sets provide coarse ice tyl)cs (e.g. Inu]tiyear  ice, first-year ice, etc. ) as

proxy indicators of ice thickness. ‘1’he intcq)rctation  and resolution of the thin ice category

are t~’pical]y  rather l)oor due to the varial)i]ity ill the actji~rr  and passive sig[latures  of thin

ice.

III this papcrl wc focus on the intwprctat  ion of t Ilin ice signatures in ]ni(rowavc data itl the

colltcxt of laboratory scatt(’rolnct(!r 111(’as(lr(’lil(’tits. G(’11(’ra]ly,  tll(’ irlt(’rl)retatioll  of sea i(()

rcnlotc  sensing (lata have l)ecn guided I)y fiel(l  (’xlwrit[l(:llts an(l Iai)oratory  lllei~sll[oltl(~tlts.

Ficl(l 1~1(’tlsllr(’ltl(’llts tlavc l)rovi(lc(l otwrvat  ions Ivlli(:}l  chara(.t  erizc, to a lilllitc(l  (Ixt(’llt,  tjll(’

natural variabili ty of s(’a ice. I,almralory  lll(’iiSlll(’1ll (’Iit  S arc Iltli(lllc  l)(Icalls(I  tll(’ cvolllt,ioll”

of t 1](’ signature  of sra ice call tx olwrvc(l  ill a (x)]lt rolled  (’ll~rirolll[l(’llt  atl(l  ~)t(n’i({c {1s \vit  11

a  (lif~(’r(’tlt ~ms~m’ti~’(’  Ivit}l rcslwct to r(’lIIot(”  s(’[willg. It  is this coIlllc(’ti(J1l,  1)(’t~v(’(’[1 lill)-

orat)ory” 111(’}lsllr(’111(’llt,s  and ret[lotc s(’[wi[ig, urlli(tl  W’(I WV}I1l(I  lik(’ to ex])lorc 11(’rc.  \V(I lIavc

otxwr~wi  tllc ~rmvth  of sca ice, with tllc .J(’t I)tol)lllsio[l”  I,i~l)oratory”  ((J1’1,) C- IMII(I  l)olilri[[l(Jt-
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ri(’ S(’:ltt,(!I’O1ll (’t(’1, 1111{ 1( ’1’ (Iiff(’r(’llt, cotl(lit,io[ls”  IIsitlg ttl(’ Soil  ic(’ fa(’ilit,  i(w ili tll(’ (:01(1  1{(’giolls

1{(’S(’ill’(’11 aII(l I;Ilgill(wrill~  I,al)oratoty” ((; l{l{ltIJ) ill N!(’!V Ilal[l])stlir(’. “1’11(’s(’ (Ixl)(’ril[](’llts

W’(’1”(’  (’oll(lll(”t(’(1  ()\ ’(’t’ a ])(’rio(l of till’(’(’ j’f ’ilt’S I’t”olll 199.3 t () 1 W1.fi.  011(” of t 11(’ ol),j(’(’t  il’(w \VilS

t  () Il[l(l(mt,a[l(l t,ll(: rclat iorwllil)  b(’t ww’rl tll(’ l[lor~)tlologi(:il all(l  ~)llysi(al  (tutracteuist i(”s atl(l

the olmrve(l  (~l(:(:trotllaglletic  I)rojwrtics of sea i(w. 7’llcsc  rclatiolw ar(’ easi(’r to (Jstal)lisll ill

a controlled erlvirontnellt but the utility of such Iillks hal’(’ Iiot IX’(III fully ex~)lor(d  frolll tll(’

relnote  serlsing point of viw. One obvious difl(’rerlce is the scale of the observations tx’twwrl

laboratory measurements and remote sensing data sets. In this paper,  \ve address tile role

of the laboratory lneasuretnellts  in the itlter~)retation of thin ice with remote scnsillg  data.

Presently, sewn-al microwave synthetic aperture radars (SAIis)  including 13 RS-1, 13 RS-2, and

RADARSAT SARS, all of which areopcratcd  itl C band,  arc l~rc)\~iclillg  rc>~ltirl[~  ol)ser\atiolls

of the polar regions. In particular, the rwwntly  laullc}l(d  RAD.\RS.-YJ’  are pr(niding  Letter

than weekly coverage of the Arctic ocean. If algorit]lms  could t.)e devised to ~)ro~’ide  lnore

definitive and quantitative results on thin iw, it would be a significant contril)utioll  to the

understanding of processes of the ~mlar  regions.

In tllc follofvillg sections, lvc dwcrit~e sctrcral  lat)oratory  exl)erilllcllts  arlcl  tllcir rc’lcvallcc

to rclnotc  scnsitlg. ?’hcsc cx~)crittl(’l]ts  ~verc dcsigllml  to investigate  tll(’ effects of surface

a n d  volume ~)roccsses  011 the backscattcr  sigllatllrc!  of thin  ice. ‘J’IIc processes illcludc  the

.growt 11 of frost flowers, tllc effect of a wwt slush layer, and the rcslmnscs of sca icc duc to

diurnal cycles of insolation and air temperature. ‘J’he par)er is organized as follo~vs.  In the

Ilcxt sectioll, \vc discuss tile ~)ossible  role of lal)oratory  111(’:lsllreltlcllts.  Section 3 descril~cs

o u r  illstr(ltll(’lltatioxl  and the mpcritn(’llts  wc Ila\’c  conduct (’d at CI{RE1,. Irl %’ct,ioll  .1, IV(I

coln~)arc our lal)orat,ory  lllcasurelllellts \vit  h t IIc ot)wrvat iolw of t hill icc froth airl)or[lo”  all(l

spaceborne radars, atl(l  discuss wlleth(’r tllc Ial)orat ory l[l(’:lsll r(’tll(’llts  (’0111(1  (“ollst  I’ilill  ollr

illt(!rl)rctatiotl of rel[lote s(’ming data. SCctioll  5 ~)res(’rlts  tl]c l)otcntial of [wlari[ll(’t[ic  ra(lar

olmrvatiolls for the rctri(n’al of t,hill  ice tllickll(’ss. R’(’ also (Iiscuss passive r[l(J;lsllr(~lll(’llts

wit l] lo\t’-fr(’(lll(’1l(’y  ra(liol]l(’t  crs writ t) r(’s~w(t to t II(’ t IIi(’kll(’ss of tlli[l ice. ‘1’h(’ last s(’(”t ion

Sill Ill IliiIiz(’S tll(’ ])al)(:r.



2 Role of Laboratory Measurements

‘1’h(’ role of latmratory  lIl(!iiSlll(!IIl[’IltS  ill th(’ olH’rViltiO1l of thitl  i(:c is (Iisc(ws(’(1.  W’(I f o c u s

Ollr att,cntioll  oll C-txatld sigllatl(lr(w  since t,tlc cllrr(’llt  sImcctJorll(’ Synth(’ti(j  .AI)(’rt\lr(’  I{adars

(SAR) which are providing routiuc  o}mrvatiorls  of tllc polar regions arc ol)matcd  at this

frcqucmcy. ~’his ice typo  is t~lost  easily gro\vll ill a colltroll(’(1  ellvirollltl(:rlt  duc to i

growth rate. The similarity of the structural and physical propcrticx  of laboratory

sea ice and sea ice in its natural environment,  was discussed itl Ngllicm et al. [lW7a]

s high

,ejIotvll

We recognize that thin ice exists in a variety of forms in its natural mvironmmt and that

it is neither practical nor ctcsirablc  to silnulat,c  all its cxprcssiolls in tlic laboratory. As ww

alludc(l  to atjove, there is a large scale (Iiffmmlcc betMWW the resolution of a spaceborne S.AR

swsor (tens of meters) aud a laboratory scatt(’rol[lcter  (meters). Within a SAIi resolution

clcmcnt, there arc arcal mixtures of variolls  forlm of thiu  and thick ice ~vhcreas a lat)oratory

scatterometm typically proviclcs  measurmneuts  of a pure tyl)c. Some of the surface ~)rocesses

(e.g. frost flowers, slush formation, etc. ) which domil)atc  the bactiscatter  prolwrties  of

thin ice could be readily rcl)roctuccd;  other icc ty~m (e.g. rafted  ice, composite patlcake

ice, etc. ) which arc crcatcd  by Itlcchanical  ~)rocesscs  owr cxtelldcd scales arc less readi ly

fabricated. Bccausc  of difrermccs  in scllsor rcsolutiolls alld variabilities in sea ice types,

laboratory mcasurcxnents should not bc applied directly to the intcrpretatiorl  of remote

sensing observations. In this regard, the role of laboratory Ineasurcmmlts  shoul(l  be to

cstahlish  the bounds and limits in tllc retrieval of sca ice l)aratlletcrs  in rclnote  sensing data

sets.

I,al)orat,ory cxpcriltlcllts also allow tile cent illtlolls Itlorlitorillg  of icc growt 11 as WWII as the

s[lrfaw  ~)roccsses  associated w’it,li ttlat gro~vt 11. ‘1’tiis is itl contrast to tllc s~)arsc  sa[[lpli~lg

obtaillc(l fronl simc(’borllc sensors. F’or (Ixal[l[)l(’, cent illllolls (ila]lg(w i[l ttli[l i(.r sig[latur(’

((lis(llsswl  Iatvr) (Iuc t(, diur[lal c y c l e s  o f  ilw(Jlatio*l a*l(l air t(rI*~,(,l,lt(l*(, arc (Iif[i(,llt t(,

r(wlvc with slMc(’lx)rti(! sensors. III ttl(’ lai)oratory,” ttl(’ l[l(xlLaIlis[lis  wlli(lt  col}tril)llt(,  to sl](ll

Im(.kscat,tcr  varial)ility catl I)(I cxalrlitl(v! (Iirt’(t Iy all([ corwlat(:(l tvitfl  tfl(’ir i[l-sitll t(~l[l~)(’liit(l~(’



all(l salitlity l)rofll(’s  tog(:tll(:r wit h ice l)rol)(’rti(’s  frolll i(w cores. LJI1(l(’[stiil)(lili~ tII(I ~)llysi(al

1)10( :( ’SS(’S r(:sponsil)l(”  \vlli(:ll  COIlt  Iil)llt (: to Iii(lilt”  ot)S(:t\’ill)lCS iiI() illllJort ii[lt ill tll(’ (1( ’V(’lo])IIICllt

o f  r(’tri(’val  algoritll[[l  for s(’a ice ~)ro~x’rties  {lsi[lg sat(:llit(’  ra(lar (lilt~l.

W’ith the polarization capability of our s(att,(’lotll(:tet,  laboratory ic(: 1[1(’asllte[ll(’llts  ~)rovid(

a full set of polarimetric  backscattering  coefficients. In the expcrit[lents, polariltletric  calil)ra-

tion illstrlltllcrltatioll  is sctul) accurately atld (:alibratiou  data are take[l frequently. Ill view

of polarization differences t.)etwecn  ERS and RADARSAT, understanding of the i)olaritllctric

responses of sea ice are important. To fully utilize colocated  data from these sensors, the po-

larization differences need to he considerecl.  Also, future spacebomc  S.ARS like LIGIITSAR

and ESA’S ENVISAT will likely provide multi-polarization observations and laboratory po-

larimetric  measurements could provide indications  of the potential of these lneasurelncnts.
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3 Laboratory Experiments

3.1 CRREL Indoor and Outdoor Facilities

WTC conducted our experiments at tjlle  i[ldoor  arl(l outdoor  facil ties at CI{RI~I, ill IIanoYcr,

NTcw’  I]ampshire.  The iud(mt facility is a roolll which Illcasures about 6 [[l by 7 III oll tile floor

and approximately two stories high wit]] the refrigeration ullits mounted  on the ceiling.  The

refrigeration system is capable of taking  the air tem~m-at,ure to below –28°C  and controlling

it to within 2°C. The freezing pool, approximately 1.2 In in depth, occupies most of the area.

We line walls of the room with radar anec]loic material to mluce  unwanted reflections and

multipath  cc)ntamination of the retur[ls  frolll the sea ice. ‘1’he radar is mounted about 3 In

above  the ice such that, the surface is ill tllc alltelllla far-field.

The outdoor facility, named the CI{REI, Geol)hysical  Research Facility (GRE’), is a 1)001

of approximately 18 m }>y 7.5 m in dimensio]]  with a de~)th  of 2 m. A structure with an

insulated roof, which slides 011 rails, can be moved over the ice sheet to shield  the ice from

t}le elements such as sun, snolv, and rain. Cooling units  are attached to this structure at

oI~c end of the pool. The refrigeration systeln call cool the air telnl)eratute  to – 18° C over

the ice sheet when the structure covers the grolving  ice. At the otheI”  e]ld of th(’ pool  is a

4 m high gantry w’here the scatteroll~cter  was lnoulltcd cluring the exl)eximcnts.  ‘1’hc lleigllt,

of the radar above the ice sheet was a~)proxilnatel-j  4 m. The gantry  was dcsigue(l  to move

along the rails to difrerent parts of the 1)001 for ol)taining  measurements of difrercxlt areas of

t hc i(e sheet. ‘1’11(’ control and tllcasurclll(J1lt  i[lst r(llllctlt at iotl ~verc set u1) in a t (’llt  l(xated

011 011(1 corner of the GI{F’.

We successfully fabricated a variety of sali[l(’ i((’ sheets (I(lritlg t,tle CI{I{HIJ  experiluerlts

(CI{I{ItI.EX). ‘1’1,0s( ral]ge(l  fro*ll tlli*l  11(JV i(’(’ sil[llllallts  to tll(’rl]lallv Illo(lifie(l  i ce  sllccts

\vlI(M’ l)llysi(.al all(i  st, ruct ural l)ro~)(’rti(’s  clos(’ly Illil[li(’lw(l  al(t i(’ s(YOIl(l-\’(Iar  i(”e, 1)(’1)(’ll(lin~

011 tll(’ IIatllr(’  of th(’ (xlwrilllellt t)otll 1111(  1(’1-t 11(’-loof” I’(’f[ig(’[iltioll  a[l(l  IIat 111’ill fr(wzillg 1111(1 (’1

(Jl)(’11-air (wll(litio[ls  wx’r(~  lltilixe(l ill ttl(’ fal)ri(’atioll  ofCI{I{I”;IJf’;.X  i(() sll(,(’ts. 1(.(~ grown  i[](loor”



a]l(l (Illrillg r(x) f-orl at ttl(~ ~~1{1~ si[[llllat(’sl ill 1)[()(’(’ss  a[l(l l)rolwrti(’s, ttlos(” f’or[ll (’(1 1111( 1( ’1’ (I:l[”k

}Virlt(’r  coll(litio[w  (110 i[lsoliltioll)”  ill t,tl(: ,4r(t i(”.

3.2 Ice Growth and Physical Characteristics

once  a continuous ice shmt has formed the underlying water is isolated from the cold air,

allowing latent heat to be extracted through the ice sheet by thermal conduction. Direct

freezing of salt water to the underside of the ice is called con,gelat  ion growth, ty~)ically

yielding vertically elongated co]umtlar crystals. “J’hese crystals are characterized by a vertical

substructure consisting of ice plates interspersed lvith  parallel layers  of brine inclusions.

Such a substructure results froln the dendritic  nature of the frmzing  interface, occurring  in

response to the build-up of brine at the interface. F;xccss  brixle that cal~tlot be exl)elled  from

the interface is systematically incorporated illto the spaces t)etwcx’11 the dendrites. Actual

incorporation of brine into the ice structure occurs t)y ~Jitlching off of tllc interdclldritc  s~)accs,

leading to the formation of individual ~)ockets  of brine and crcatiol~  of the characteristic ice

plate and brine layer substructure of the saline icc crystals. 7’11(’ overall l)rocess oft hc freezing

of seawfater  in the polar oceaus is described in greater  detail by Weeks (L7L(1 Acklcg [1 982] and

by Cow and Iticker  [1991]. An esselltially identical process was duplicated ill tile frecziug of

saline ice sheets at CRRNI.. The growth l)roccss, and structural and physical ~)rol)crt  ies of

the laboratory ice are shown to IN similar to .Arctic sca ice [Nghimn c1 al., l!39’7a].

TfWIJMY’atlLTY! ad Salinity Eflccts

Changes with titne in the overall stru(”tllrc  of s(Ia ic(’ o(cur  lllailll~’  itl resl)olwc t () t(~t~llwratur(’

cllangm ill the ice. l~rill(’ inclusions ilt’(’ lM1l’ti(’lllilllj’  s(:tlsitiv(’  ill t h i s  r(~gar(l.  111 tll(’ (’v(’rlt  of

l)rotractcd  wwrI1lillg, Ijritl(’  ~)ock(’ts (IxlM]I(l  all(l  t 11(’ir  slllw(’(1(1(’[lt  c(ml(Is((II)((I  g(III(Itall~’  l(Ia(ls

t o  (lltltlll(:liz:ltioll  aII(l (i(nvllward  (Iraillagc  of ttl(’ t)rill(’, ~vitll  r(’su]tallt  (1( ’sali[latioll  of tll(’

i(w. ‘1’hc ill(’or})or:lti(~ll  of  I)rinc into s(w i(() is t,tl(’ I[lost il]l~mrt,allt ])ilIiiIll(’tCI (! ff(’ct i[lg tllc



111(’(’tlallical,  tll(’[’l[lill illl(l (Jl(’(’t,rolllag]l(iti(  I)rol)(’rti(’s  of ttl(’ i(”(’. Ill tll(’ (’;1S(’ of” ttl(’ (’l(’(’tl’()-

[Ilagll(ttic I)to[wtti(’s of ttle i((’ i t ,  i s  t,ll(, (OIl(”(~Ilt[;ltiorl”  atl(l (list rit)lltiorl  of l)rill(~ ill tll(’ i(()

that largely (lct(Jrl[liu(is  ttlc llatur(~  of ttl(’ r(’[[lot(”  s(’llsillg  sig[latllr(’ aII(l i t s  illt(’tl)[(’t:iti(~tl.

Mar)y of tll(:  salinity ])rofilc cllaract,crist  i(s cxllil~ite(l  I)y salirl(’ i(c sll(x’ts  fal)ticat(d  (lllriu~

CI{I{EI,EX dupl ica ted  those of arctic  sea ice iucluding: 1) IIigh salinities at tll(’ to~) all(l

lmttom  of thiuucr  ice sheets, leading to the formation  of tjhc diagnostic c-sha~xxl l)rofil(’, 2)

a .gcnmal wcakmiug  of the c-shaped  profile ~vith iucrcasillg thickness aud agc of the ice, all(l

3) substantial desalination of the u~)pcr  levels of older ice subjected  to ptotractcd  wamiug

or surface meltiug.

Ctlar-acterizution of f’hysical Properties

Au ice charactcrizatiou  study conducted iu su~)~)ort  of the remote scnsitlg  program at CR-

I{EI. incluclm monitoring of ice thickucss chauges as iuffucmccd by such factors as surface air

temperature, wiucl chill, aud radiation fluxes. Vertical profile mcasurmncuts  of water and

icc temperatures, salinity, and clcusity aud tlllcir  derived properties, briuc volulllc  aud en-

tjmppcd air contcmt  (porosity) arc also ~wrforlucd. Thin  sections cut from samples from the

growiug ice sheet arc used to iuvcstigatc  crystalliuc  structure aud briuc iuclusiou relation-

ships essential to asscssiug both the qualitative aud quantitative aspects of salt cntrapmmlt.

This work was supplcmeuted  by ittlagc processing of thin  section photographs to statisti-

cally  describe volunle  scattering characteristics via correlation fuuctions  alld illclllsioll  size

distribution statistics of the various icc ty~m [1’c70vich  a7Ld Gow, 1996]. C-slla~wd  profilml

ty~)ical  of young sea ice growth in the Arctic, (llaract(’rizc  tll(’ earlier stages  of .gro\vtll  of the

lalmratory  ice. I,atcr  ~)rofiles  reflect tile desalillatitlg  (Jff’(tcts of (Ilevat(’(1  air t(~lll~)(:ratllr(l  o(-

curri118 duriug  the latter stages of salill(’  icc ~r(nvtll.  ‘III(’ (:lollgat(’  nature of th(’ crystals aIl(l

the  icc ~)latc/l)rille  iuclusioll  substructllrcs  I)r(’(’isely (lu~)licat  (’ the saltl(’ f(wt ures olmrvc(l  ill

youug  sca ice iu th(’ .Arctjic.

I’(’rrtlitlt  iviti(’s of s(’a i(.(~ gov(’rll ~1(’(:tlolllil~ll(’t  i( \va\’(1 I)ro]mgatiotl, :Itt(’llll;ltioll,  illl(l  S(”:lt  -
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t(:rillg.  ‘1’lIlls, tltl(: 1)(’rlllitli~iti(ls iit’(’ a  (l(lt(,rlIlillillg f;l(tor of ttL(’ llli(’I’OW’il\r(”  1’(’11101(”  s(’lwitl~

ol)S(’l’\’ill)loS.”  1! is llS(’fill !() (:tlaliK”t(’liX(!  !11(’ I)lllk  (’l(’(”t 1’O1ll:g+ll(’t  i(” Iwtlavior  tllrollgll  all (’f-

f(’ctivc  (“ot]ll)lm  l)crltlitltivity  (fff wlli(’tl  ill(”O1lJortlt(:s” scatt(’ritlg efh’cts. ‘1111(’  ,LyoIIl(’try arl(l

r(’lativc volurIic ftactiorl of the t)rill(’  illcl(lsiolls  (l(:lx’11(1 stmllgly  otl i c e  grolvtll  corldit ions

SIIC1l  as ice tjelnpmitjurc and salillitjy distrit)utioll  itl the icc layer. A colll~~rell(’llsi~’(1  series

of rigorous bounds  on trj~ valid in the quasistatic  regime has I.)(!en developed [Goldc7L,  1995,

Sawicz and Golden, 1995, Golden, 1997]. Given  an increasing  al~lount  of inforlnatio~l  011

the sea ice microstructure, such as the brine volume fraction or further assuming statistical

isotropy within the horizontal plane, the bounds  restrict qff to an increasingly small region

of the complex ce~~ -plane. A different approach based on strong fluctuatic)n  theory, account-

ing for sea ice thermodynamic cycling,  has lx:ell detreloped  [Nghiem ci a~., 1996]  to obtain

complex anisotropic  cffcctivc permittivity tensor Fcfj, valid  Ilot ollly itl the qlasistatic  legilll~

but, for higher frequencies as \vcll.

3.3 JPL C-band Polarimetric Scatterometer

‘1’hc polarimetric  scatterometcr operates at C-lMII(I with a center frqucncy  of 5 GIIz and

a bandwidttl  of 1 GIIz. Ste~q)e(l  frequcllcics  arc synthes ized  by a network arlalyzcr allCl

cou~)led  to free space through a diagonal horn atltcnua. The allteana  is dual-polarized with

a beamwiclth of 12° and a gain of 22.6 dBi at t hc center freclumlcy.  Ra\v data are collll)rcsscd

and recorded in a computer which also coutrols the polarizatioll  s~vitching  and the network

analyzer.

110 prev(vlt  drift in the raclio-fl(’(lllcllcy  sul)syst(’ltl, the (11( ’ctrollics  arc collsta[ltly  Illairltain(d

at room tmlllx:rat  {Ire (25° C) with a t(’llllx’rat ur(~ (wntrollitlg  unit. ‘1’lic atlt(’lltla  is st(’(:re(l

ill azitnuth  an(l cl(wation  Iwillg  two irl(l(qwn(l(v]t  lnotors  attacllwl  to all ass(Iltll)ly corltaillillg

the allt(!IIIla and 1{ F Sllt)syst(’rtl. Calit)ratioli  targets in(lll(l(’ corner wfi(’(’tors, sl)ller(Is, all(l

cxt,(’rllal  Im(:kgrollll(ls. Cal ibra t ion  1[1(’ilsllr(’ltl(’llts  ar(’ nla(lc ~wrio(lically  (Illrillg !11(’ (’x~wri-

I[lcllts. MT(!  cstjilllat(’  t,lle (mrall llncert,aitlt~  ill t II(I ra(lar lIl(Jilsllr(’1ll  (’llts t o tw ill)I)toxillltlt(’ly

1.2 (111.  ‘1’11(: recor(l(’(1 (lata well’ (:alil)rilt(’(1  all(i l)r(x.csse(l itlto a l)olillil[l(’t  ric (’OVt~I’iilIl(”(”  IIlil-
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trix forl[ultl  after  tjll(’  (’xlx’rirll(!llts. ‘1’11(’ llois(’-(’(llliVill( ’1lt fl(~ of tllo la(lill i s  :lt --.17 (III fOI°

co-lmlariz(xl  111( ’:lSlll(’111(’lltS  arl(l – 55 (111 for (loss-[)ol:l[iz(’(1”  111(’:lsllr(’1[1(’llts.  ‘1’11(1  l(nv tlois(”

floor is aclli(wcd  with a (otlcr(~rlt-slll)  tl:ictioll  t(t(iltli(lllc al](l a systeltl d(wigll  \vlli(ll avoi(ls

internal siglla

Nghimn et al.

reflections. A Irlore dctailc(l (Icscril)tion  of the scattcrolllct(’r  can IXI folllld in

[1997a].

The polarimctric  scattcrolncter  nlcasurm  tjllc four clcm(’nts of the scatterillg  mat rix, S, wilere

The conventional backseat tering  codficknts Ot,h, o~,,, CJA, o.. and the co-polarized polati-

Hletric s c a t t e r i n g  c o e f f i c i e n t  ~MIJU  arc dctcrnlill~d ‘~y < fhhf~h >, < .fhlJ.f~u  > ! < .tUh.f;h  > J <

$Uufju  > a n d  < ~Ml~~V >, respectively. The angular brackets represent the cmsmul)lc  a\wr-

agc and the asterisk denotes the conlplex conjugate. T\\ro other frequently used parameters

(normalimd)  that arc derived froln these cocfficimts  arc:

Ohhu[)/). –.,_—
<~,htiu;’

which is the complex correlation cocfficicntl l)ctwcell the hh and vu challnels;  the co-polarimcl

phase can be computed directed from this COIIII)lCX  quantity. And the ratio of t}lc lnagnitude

of the co-polarizml returns is

~ = 2!:
G},h

3.4 The Experiments

‘llll(:sc Cxl)crinlent,s  \\’(:rc designed to illv(’stigat(’ t 11(’ r(’lat iollslli~)  b(’t\v(’(’11 t,ll(’ scattcloIll(:t(’I

otw(’rvations  and the various ~)hysical  surface coll(lit ions atl(l  volultl(:  (ll:\r;l(:tj(’rist  ics of tjhill  ice

au(l to su~)port t)ll(’ vali(iatiou sea icc s(:att(’rillg Illo(lcls. 11(’r(!, Ivc sultlularizc  tll(’ (wl)(’riltl(’nts

st,art, irlg u’it 11 tllc silll~)l(’ (w[lstallt, icc growt 11, tl](~tl  \V(I ~)r(w’llt  a Illor(: c()[III)l(Ix  ~r(nvtll  of fr(wt

flow(!rs 011 icc surfa(x’, the floo(liug  arid slllsll lil~(’1  011 S(’a i((’, and tll(’ (’ff(’cts of (Iillrllal tll(’tIllill

cycling.



‘1111(’  thin ico W’as’  g[ow’tl 1111(1 (’r qlli(w.(~llt  (x)tl(lit  ions tvitllollt,  tvill(l  or \YilV(’  ii(”t io[l ill t 11(’ i[l(loor”

facili ty,  WFII(’W t~l(’  t,(!IIl[)(:121t,l11(! fvas \v(\ll  collt  roll(Y1.  Salitlc  i(() Jvas groIvIl Il[l(]ot (()]lst i~llt  air

and water tmlpcratjurcs  rcprescnt,  iug the sillll)l(:st  icc grmvth co]l(lit  iolw. ~’11(’  (:.xlwril[l(:llts

}vcre repeat(!d  at slightly diff’(:mlt air t(:tllJ)(:rat,llr(’s. III all cases, th(’ I[lcan air tcltlp(’rat  ums

wwe kept,  below --20°C. The indoor air t(’m~mraturcs  ffuctuatcd  slightly aroulld tjll(: Incall

and an rms deviation of +O.1° was Inaintaillcd.  Mcasurcmcnts  of thickness and grmvth rate,

tcmpcraturcs and salinities, mystallographic  structures, brillc layer and cellular substructure

spacing show that laboratory grown  icc has characteristics very similay com~)arml to tllosc!  of

thin sea ice in Arctic leads [Nghiem ct al., 1997a]. The results from these mperilncllts  serve

as a baseline for colnparisoll with subsequmlt cxlwrimmts  which study tllc cf~ccts  of surface

and volume processes on thin ice si.gnaturc. It] all our Itlcasurclllents, the thickness of the

ice reached 12 cm in several days of im growth. All the scatteromet,cr  lneasurell~cllts  were

made at the itlcidcnce  angle range forltl 20° to 40°.

1x1 two of our expcrimcmts,  the tcnlpcrature  in tile itl(loor facili ty rvas Imixltaitled t)olow

–28° C. MTC  found that low’ tcm~)eraturc was conducive to tile gro~vtll of frost flo~v(’rs. I]o-

larimctric  radar data were taken during the flower growth together with a time-series of still

photography, video recording, and physical characteristics of frost flowers. l’urthcr  details of

the cx~mimentl  wme described by Nglliem et al. [1997t)]. The frost fl(nvcrs  consist of 10-30

lllm IIigh fragile sa]irlc icc crystals w’hicl] gr(nv on the ice surface all(l  arc :1((’ol[l])iilli(’(1  by

tllc formation  of a 1-4 Inxn thick SIUSII lay(’r Illl(icr tllc fl(nv(’~s. \\’(1 cllara(t(’rizc  this sllr-

facc l)roccss in tcrlns  of tllc sl)rcadillg rate of t 11(’ flowers alId slush lay(Ir, t I](I IL(’igllt  of t 11(’

f l ower s  an(l its saiillity,  t,llc tllicknrss  an(l si~lirlit~’ of tllc SIIISII layer i~ll(l tll(~ salinity  of ttl(t

a[l,j <lc(’lltj  I)ill(’ ice. Frost flowers clos(’  to W+ ar(’al coverage  of t 11(’ icc sllrfn((’ Jvas a(lli(’vc(l.

[’olilritll(’tri(”  1[1(’;lslllel[l(’llts  wmv coll(’(t(’(1 a t  fr(xlll(’llt  illt(’l\’illS  tlll”ollgllollt”  tll(’ (Ixl)(’li[]l(t[it.

N’1(’ilSlll(’lIIGIltS ~v(’r(’ IIlil(l(’ ~~’it,ll ttl(’ fllll  frost flou’(’r strll(”t  Ilr(’, \vit  II t 11(’ flo\~(’l  ° i(’(~ (’r~St illS

r(’tll(mwd,  illl(l \vit  11 tll(’ slllsll 1:~.y(’r r(’ltlov(’(1  t () ilSS(}SS til(’ (’olltril)lltioll”  of t 11(’s(’ (’ollll)oll(’llt”s
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t o  tll(’ total  S(’iltt(’l’illg (’ross-s(’ctiorl” o f  t,l]iri  i(”(~. ‘1’11(’s(’  (’xl)(’ril[l(~tlts  stll(li(’(1 OIIIJ” tllc g[(nvtll

Stilg(’  of fL’OStl  flo\t’(’t”; tll(’  t(’[Il])OIiil (’~’ollltioll  of tll(’ (1( ’(’:1~ St/l&(’ :111(1 Slllf:l(”(’  Illo(li  fi(’iltiorls”

w’ith its associatml t)a(~ks(~ittt,(!~  I(Is1)OILS(I  \Y(:r(I  [lot i[l~’(:sti~:~t(’(1.

EjJtxt of l“looding  aTL(l S17L<Sh  l’b171L(Lti0Tl

We investigated the effect of flm(ling and tllc forlnat ion o f  sllusll  layer OII tll(’ sigrlature

of thin ice in one experiment. Saline water ~vas tak(nl from I)clleath the icc sheet arid

flushed onto the ice surface. On the cold icc surface, the water  011 the surface started to

freeze immediately forming a wet slushy laym. Polarimetric  measurements \vere obtained

for normal and oblique incidence angles. F’or normal incidence, the reflectivity is strongly

modified because of the high I)ermittivity  of the slush layer. I~ackscattcr  at oblique angles is

also changed significantly by the slush layer. ‘1’he thickness of the slush layer \vas Ineasur(xl

immediately before scatterometer data acquisition. Samples of the slush layer and the ice

layer were taken for ice characteristics measurements.

Eflect Oj ~illrd Cycli7Lg

W7f2 conducted this e,xperitncnt  at tile outdoor G]{I+T  fficility  to study the effects of diurnal

tem~)erature cycles on polarilnetric  scattering si~llatures  of sea ice [Nghim et (L1., 1W7C].

The roof of the GIW was remove(l to take advantage of the natural diurnal warnlillg and

cooling. An ice sheet was grown from open water over a period of 2.5 (lays. This duration
.

allows us to investigate the repeatability of the radar signatures and to detcrlnille  wh(’thcr

the diurnal thermal effects are rcvcrsit)l(’. Iluring  tllc cxlwrimcllt,  the air t(~lnlwratur(~ varied

lwtwc(’11 – 12°C duri]lg da~’ to –36°C  at Ilig}lt.  ‘1111(’ illit  ial gmvt h rat($ was S1(NY  dllrill~  tile

d a y  due to the insolation  un(lcr clear sky cO1l(litiolw. “1’llroug]lout  t IL(I ]Iight, tjlI(I grmvt h

rate increased significantly as the telll~wrat(lr(’  dto~)~x’d. l’olarinlet ric scat t (’rol[l(’t (’r lll(’a-

snrenlent,s  ~~wre  carried out ov(Ir t,tvo tcl[ll)(’rat  Ilr(’ (0~’cl(’s  for tllc (I(lrat ion of t 11( I (’xlwrilll(’rlt.

Calit)rat ion 111(’ilsllr(’111(’llts  \v(’r(I iLISO lIIa(l(’  t IIrollgllollt  t 11(’ (w~wrilllcllt to ttlotlit or tll(’ s(at-

t(’rol[l(’t(’[  syst(!lll sta])ility.  I)ata illclli(iillg  ilil t(’[111)(’r:ltlll(’s, i(x’ t(’1111)(’rat  III(I I)rofil(’s, i(”e

salinity  I)rofilm, arl(l i(:(’ t,lli(’kll(’ss(w \v(Ir(’  tak(’1) 1)( ’rio(li(. a]ly.
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4 Relevance to Remote Sensing

4.1 Thin Ice (0-12 cm) 13ackscatter

Thin ice backscattcr  signature at C-baud over tllc FII{S SAR range of look arlgl(s (1 9°-260)

aud W-polarization spans a range froln a~)~)roxit[lately –30 (111 to as high as –5 dI1. ‘1’hc

lower bound iu the backscatter  can tw cstai)lished by our scattcrolneter  I[ieasurcmcllts ill the

laboratory. Field programs [N@ifm et al., 1995a, Dri~Jw~atm et al., 1995] ty~)icall~’  otmrves

backscatter  that are high(!r  than what is obtaiued  in the laboratory quiescent ice growth.

The thin ice (dark nilas) growxl iu the quiescent conditions in the laboratory has very snlooth

SUrfaCW. Any pCrtUrbatiOIl  to that smooth SUtfMY! introducc!s  an additional coluponellt to t]lc!

total radar cross-section resulting froln the sulwril[l~mw(l roughness. ‘l’bus, the urll)crturbed

laboratory measurelnents  provide a reasonable lo~vcr  bound. I’he ul)pcr boutld is estal)lishccl

(disregarding any mechanical deformation of the thin ice) ~)robably  by frost flo~v(r  covered

thin ice. We discuss in more detail the I)hcxIoIncr~orl  of frost flmvcm  iu tile next sulmction.

If the scatterometcr  measurmnents  establish th(! loww l)oullds  of backscattcr  for a range of

ice thicknesses, thcm what can WY: say about,  t]lc backscattcr  signature observed in spaceborne

SARS, such as 13 RS-l? Fig. 1 shows a plot of the dcpcrldcrlcc  of backscattcr  011 tllickllms of

laboratory grown thiu ice. It is clear that the lmwl of backscatter  of ice at these thicknesses

arc below the noise floor of the FIRS radars (a~)proximate]y –2z1 all)) and tllcrcfore Ilot

resolved by the sensor if thin icc silllilar to that, of lat)oratory  ice ~vcr(: obs(’rvc(l. \fT(I could,

however, say that if all olmrv(d l)ix(’1 is at or close to tll(’ noise floor of tll(’ 1;1{S-1 s(I1wor.

t IIcll there is a nigh lik(’lilloo(l  t,]lat th(l I)ixcl (x)llt aitls ttlin i(x) of thicku(ws I(ISS tllatl, sa~rl 10

cm (S(IC F’ig.  1). ~’llis  is bccausc thick(’r  i(e ty~ws g(’llcrally  llavc higllcr  ba(ks(’at t or t lliiIl t llitl

i(:(’ ill thiS range Of thickllcsses [~?l~{)k  {Irl(l ~~’lL71TLZ?l{j}l(]71L,  199-la].  of course, t  llill  i(”(’ (’011](1

l]al’c  a high(’r ba(ks(.attcr  (111(1  to 111(’(:halli(al  (1(’forltlat ion wtlich w(’ callllot  a(l(lress \vit II t 11(*

Iatmratory  1[1(’ilsllr(Jl[l(’llts.

W(I stlow ill Fig. ‘2, two 1’;1{S- 1 ilnag(’s of t tl(’ Sill[l(’  g(x)gral)hi(’  ar(’a s(’~)arat  (’(1 I)y ;l-(lil~$i,



‘1’~lis  illlag(~  rmir of ttl(’ i(() c(JJvIr  Sllo\vs ]i]I’~(l  ol)(,flillgs lrlli(ll Iv(’r(’ (’r(’:]t (’(1 (Illrillg tll(’ i]lt(’rval

1)( ’ttt’(’(’11  tll(! l(!l)(!at, ol)S(’1’Vilt,iollS.” ‘1’11(’ i(() ill th i s  (Jl)(’llillg  I[lllsl 1)(’ l)(jt\v(’(’11 ()-3 (lays 01(1,

!t’lli(ll  i s  (1(’tf)rrllirl(’(1  stri(:t,ly frol~l  i(() IIlotior]” [K/IJ{~k (:1 (11., 1  995]. ‘1’]1(’ Strll(’tllr(’  of ttl(’

f(’:ltUl’(’S SUgg(!StS that, tll(! ol)(’lli]lgs  11’(![’(’ llot (’r(’at( ’(1 l))’ ii sitl,qlo  (’t’(’tlt  , t)llt tattl(’r S(’vcral

o~xmings an(] maybe c]osillgs over the 3 days. If tll(’ ice w(’rc thr(’e days 01(1 arl(l ttic altll)ieut

tempcrat,urc  was around  -200(;, the tllicktlms of the ic(’, is Illost likely less tllatl  20 (:111  thick,

estimatc(l  with a sil[lple frm:zing-degree day calculation [Maykut,  1986].  Sea icc w’itll  a range

of backscatte,r (between – 24 dIJ and – 19 dll)  call be sceII iu tile  leads.  TIIC b r i g h t e s t

backscatter  is probably from frost flowers it) the leads. To ex~)lorc  tllc signature evolution

further, we follow the backscatt,er history of ttl(:sc ol)ellings  as tile ice thickens ~vit}l time. l’he

time sequence presented iu Fig. 3, which spaus a ~miod of 9 days, sholvs that the backseat ter

increases over time. Note that the ullccrtaiuty  of the calit)rat,ioll  is aplJroximat,cly  1-2 dI1.

I’his particular exatnple demollstrat,es  that tile lmvcr Loulld discussed abo~’e  to be reasonable

for thin ice. For remote sensors with higher sig[lal-to-lloise ratio or lmvcr Iloise-equivalcllt  CTO

such as an airborne SAR, the lower backscatter  call iu(lced be ot)ser~~ed.  F’or exanlple, if the

rloise-eclllil’alellt  00 == –30 dIl, the lo}ver lituit corrmpollds  to icc thintl(!r  thatl 5 cIn (Fig. 1).

4.2 Frost Flowers on Thin Ice

on the other extrellle of radar return is the cllhallceulmt  of tile backscat,ter of tllitl  ice duc

to the growth of frost flower on the surface. ~’his high backscatter  from t hill youug ice

has tmw attributed to the forl[lation of frost flmv(~rs [O~L,Stott,  1992,  (JlandcT  rf al., ]!)95].

A  d(wril)tion  of ttle ~)hysical  cllara(t  cristics of t lle f ros t  fimvcrs (iill I)c follll(l  ill lf(~rti~l

[1979] aud more receutly i*[ Z)cr(mich a7L(i I/i(}Lt(:7-Alc7Lf,(:  [ 1 9 9 - 1 ]  an(l  M(171L7L  C( 01. [ 1 9 9 6 ] .

‘lllIe Imtl illustration  of ttlc evollltjion of ttl(’ signature of ttlitl ice ~vit h frost flmv(’r is with

the S(XIU(JIICC of five ERS-1 illlag(’s  which SIMI]lS  a twelve (lay ~wrio(l (IFi~.  .1). ‘1’lILI itlitia]

in(’roaso”  ill Imks(’at t(~r (Illrillg t h e  f i r s t  s(’v(’rat (la~’s  of i(() gr(nvt II illllll(’(iiat(’1~’  aft(’r t 11(’

o~wl~illg of ttl(’ 10:1(1 al)(l tll(’ sIOW  (1(~(’i~~ of tll(~  sig[latllr(’ to ttiiit of  ttli(’k(’r  filst-~’(~i~]  i(() ilr(’

(’ll:ir:l(:t(!r  isti(’ of this sllrfa(’c l)roccss. W’() llilY(’ ol)s(’r~’(’(i  iu El{ S-l S:11{ (C-1’\’) irtlag(’ry a



lill’\(’ 11111111 )( ’[’ of 11( ’W’ 1( ’;1(1S (X) IltiliIliIlg  S(’il i(() lvit 11 IIigtl i]lit  i;ll  l~;l(’ks(:lt,t(lr  ;1[1(1  Ivit II sitllililr

Imckscat,t,er ilistory. MT(l  ]L:lv(’ :11s() ol)s(~r~(’(1  (as(’s tvll(~t(l  tllo l);l(:ks(attpr  of soil  I(( ill l(Ia(ls

wllicl] I(:tllaitle(l rclatjiv(~]y  10Iv for all (’xt,(’11(1(’(1  1)(’rio(l of t,itll(: (days) :111(1 slotvly ilt t  ai[litlg

t,~l(> higher backscattcr  of tllick(~r  fi~st,-~oiir i((). \\’(’ (“iLIIIlot say, Ivittlollt a 11101(” (’xt(Ilsiv(~  illl(l

systc’Iilat, ic s tudy ,  w~lic]l  ~)at]l  of I)ackscat, t,(:r (’volllt  iorl is nlorc t,y~)ioal.  lt is (l(’l)(lll(](lllt  orl

local rnctmrological  conditions; howm’er, ttlc (Ietailc(l ill-situ lllctls[ll(tl[l(’Ilts  to su~)~x)rt  such

investigations are typically not available.

We list three  motivations for studying

Reaufort  [Perovich am? Richter-h4enge,

frqucrlcy  during the Arctic cold scasoll.

this ])hCllOINCA)OI1. P’irst, field observations itl the

1994] suggest that frost flowers appear with some

SccolId,  ttle surf am modification by the frost flowms

alter  the thermal atld surface ~)rol)ertics  of yollllg sea ice. “1’bird, the Irlcchanisl[l ~vllicll  causes

an enhancement  in the l)ackscatter  (more than  200(% illcrease) over that, of flower-free young

ice. From the remote sensing ~)ers~)ect,ive,  the significance of flo~vcr  growth and the associated

chatlgcs  itl the surface salinity  to radar obscrvatior)s is that understalldil)g  these processes

is a step toward explaining the lar.gc variability in the signature of rlcfvly formed ice and

better itlter~)rctatioll  of radar mmotc  s(’lIsitlg data. If itldcml tllcre is large Illodificatiorl  to

the thermal properties of new ice, this effect is sigllificallt, ill llcat flux calculatiotls  over this

ice ty~m.

‘1’he growth of frost flowers iti the laboratory MWS first reported by Marti7L  ct al. [199,5].

Our C-band  laboratory measurement, of the scattering sigtlatjure  wws discussc(l  i[l detail  by

Ng}LienL et al. [1997 b]. The  labora tory  ex~J(~ril[lcllts  ~)rovid(d  obsct  ~wt ions of tllc irlitial

evolution of t IIe sigllatutc  arid Ilot, t 11(’ (1(’cay (111(1  t () t II(’ l(ttlgt h of t 11( I l)ro(css. F’ig. 5 SII(NVS a

tillle-seri(w of ttlc frost flmv(’r covcragr  of t ho i(’(’ sllrfacc (lurirlg our (’x~wri[ll(’llt  llllt  i] a W%

ar(’al cm’eta~e was achieved. F’ig. 6 illllst ra t  (’s ttle (Jff(’ct 011 flolv(’r (OV(IW(I t hill i((). “1’11(’

111(’asllr(’111(’llts  ill(licatc  ttlat  it is tllc slllsl)  la~’(Ir Iwl(nv the low (lclwit  ~f i(() (ryst  iilS (I;i~. 6)

lvlli(”ll colltril)lltes I[lost to t,~lc  (’lltlil[l(’olll(’llt  ill tll(’ l)a(:ks(’att  (’r. .\ft(’r tll(’ t(IttIol’al  of th i s

IIigll  salill(t SIUS1] lay(:r, ttlo l)ii(ks(i~t  t(~r 1(’~’(’l  r(~t [I[[IS to tllilt of ttlill i(() ((lis(llss(~(l i~l)O V(~).

‘1’11(’ lalmratory  Illcilsllr(’ltl(’llts  [11(’ lmv(’r ttlilll  t tlilt  ot)s(’lk’(:(1  irl 1’(’lIIOt(’  s(’llsillg  (Itltil ~)1’ol)ill)lJ”

(111(’ to tjtl(’ (1(’lwity  all(l h(’ight o f  frost flofv(’rs gro~vll ill ollr ellvirolllll(’ilt  illl(l (Iifl(’r(’ll(w ill
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i(() ttlick[l(’ss ilIl(l Sll[’fil(”(’  I’ollgtl Il(’SS. N(:\Tr( tl(’1(’ss,  t Il(w’ r(’slllts sll(mitlg 3-5 (111 Im(ks(at  t(’r

irl(r(>as(: (111(’ to frost  flow’(’rs  ill(! coIwist(’Ilt  lvitt]  ttl(’ t)a(”ks(’att  (’r iIl(r(’as(’  (11])  t o  6 (II;) i[l

l’;l{  S-1 (lata iIl E’ig. 6. ‘1’11(1  (xl)(~ri[rl(’[lt  sllgg(tsts  ttlat  a traIlsi(’Ilt  illcrcas(’ o f  5 (11; ill tili IL ic(’

t)il(:kSCatt(’1 caIl 1)(: lls(xl a s  all iI)(licatoI

frost fiowcrs.

From the pcrspcctiv(’  of r(~]uotc smlsing,

for a fllll  (wI(Irag(I  (~ 90%) itl ttlc gr(nvtil  stage  of

frost fimvcrs arc (iifiicult  to i(i(:llt  ify ulltit[ll)iguously

in siugl(!  SAIi images ciuc to the ran.gc of backscatt(:r  icvcl alld its time d(’l Jcwci(:nt  behavior.

Kwok am! Cunningham [1994b]  cicscribcxi  a proceciure  }vhich uscx a series of images to i(imtify

the presence of frost ffowcrs as well as their  backscattcr  history. If a Lagrangian  elmnent of

the ice cover auci its associated backscattcr  histogram can bc rccorcicci, thml ally area change

atld backscattcr  transients ill that I,agrangiatl  clement coul(i  be icictltifi(xi  as that (iuc to

thin ice. Given that the olcier  ice (muitiycar  an(i thick first-year) has very stable  si,gllaturm

[Kwok and Cunningham, 19Wla] ciuriug the ~villtcr,  tile ~)ixel  l)opulation  ~vhicll  is cllangil~g

coul[i b(! trackwi by examining ttlc ciifIercnc(!s  in backscatter  histograllls  of that time-series.

In view of the laboratory results, if the initial backscatter  is close to the loww limit, then

the ice is thitl. Ix] this case, if a strong traIlsiellt itlcrcasc in tmckscattcr  is observed, then it

is likely that frost flowers mist on the icc surface. IIowcver, ww are at a fairly early stage in

uncicrstjanding  all processes associatmi with the growth of frost fiowws. Certain  conciitiom

smn to be coll[iucivc to the forlnatioll  of this surface layer but  arc not, lv(:ii-(ioc(ll[lelltcci.  As

mentioned above,  frost ffowws scw]n to lx’ quite ~)rcvalmlt  in tllc winter .Atctic.  I,atmratory

Incasurcmmts  help to charactcrim  the sigllaturm  ~rariabiiity  ~Jrovi(i(~  a link to the l)hysical

l)roperties,  }vhich  affect heat flux calclliations.

4.3 F ooding and Slush Formation on !llhin Ice

hlicr(wav(’  sig[mt ur(>s ftottl s(’a i(() i s  sigllifi(a[lt  iy af~(}(t(’(i i)Y a ~~ot .  .SIIISIIV iav(’r 0 1 1  ttl(’ i(’r

sllrfa((’. I’JX~)(’lilll(’llt  ili l’(%lllt  S SllOfV  il 1 . 7 - ( i i ]  ill(”r(’as(’ ill r(’fi(’ctivity at llo I”lllill  itl(i(i(lll((’

frolll --4.4 (iIJ for Im(! saiinc i(() to –2.7  (if] lt](IasIIr(I(i il[ltll(’(iiat  (!i,y after t 11(’ flo(J(iill~. ‘1’tlis

i[lcr(’as(’  (Gomwlmli(is  to a iargc itlcr(’as(’ ill ttl(’ })(’llllittilfit,l’  of ttl(’ fioo(i(xi”  Sll[’fii(”(’.
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‘1’tl(’ S 1 1 1 S 1 1  lii~(’[’  (: O1ltiliIIS IIigtl Sillillity all(l 11:1S ;1 lil[’~(’  I’(’lilt iV(’ 1)( ’rIIlitt ivity \tit 11 tli~ll ilt t(’ll-

Iliit, ion of (:l(’(:tj  IO1lltlgll(!t  ic Ivaw’s. F’ig(lr(’  7 \) I’(%(’Ilt S l):l(”kS(’att(:l  111( ’ilSlll’(’1ll(’l  ltS of 1);11’(’ SiIli Il(’

i(v arid slllsil co~wml  ice for V(’1’ti(”ill  lmlarizat iO1l (to]) ~)all(Il  of I;i~. 7) a[l(l llotizolltal”  l)(Jltlr-

izatioll (bottom Imu(:l  of F’ig. 7). ‘1’lle ice tllick[l(’ss  itl thcs(: case is 12.6 ctil all(l tile slush

layer isal)lJroxitrlatcly  3-rllt]l  thick. “1’lle  reslllts reveal significant d(~~t(~i~s~s i[l I)a(ks(atter at

troth polarization. The decrease irl au,, is 4-5 dll  and a},l, is reduced t)y 4-8 dIl at difl’(’rellt

incidence angles. This may cause by chauges in tile tllcrltloclyllalllic  I)hasc (listributioll  ill

the slush layer durillg the scattcromcter lllcasLlr(:Illctlts. These strong  decreases (Idillitil’(!ly

indicate that the wetness ill the surface layer is itnportant  to sea icc Lackscattcr  sig[latures.

A similar situation is that the top surface or the SIIOW cover on sea ice melts when the tem-

perature iucrease to above the freeziug  ])oint. III this case, the ~vet  slushy layer significantly

reduces backscatter.  Multiyear ice backscatter  cau be (lecreased significautty  due to floodiug

or the wet surface layer aud its Lackscatter  level becomes lower thatl that of youuger ice

causing a reversal iu the backscatter  contrast of these ice types. This ~)henomenon  is iln-

portant  during seasonal transition periods such as ousets of summer nlelt aud fall freeze-u])

(reverse effects), when trat~sitions iu rclnote sensing data can be applied to study  the sl)atial

and temporal evolutions iuduced by the seasolla]  cllauges.

4.4 Diurnal Effect and Temperature Change

JYc examiued  the diurnal chauges ill the backseat ter of thin ice duriug  one of our cxlwrimellts

at the outdoor CI{RF. L C~RF’. Mcas(lrelfiellts  ~vere tak(’n ov(!r a (X)-hour ~wriod  dllrillg ~vhicll

tile icc sheet grew to a ttlickums of 10 (ml. ‘J1)I(>  (~fl~lcts  of tll(:  (li(lrllal (~’(1(’ ar(’ sllo~v[l  itl F’ig,

8 .  ‘1’he l~l(’:~sllrclllellts  ~vere l)cgurl (Illritlg (Iayt illle ]lours ~vll(~tl  t 11(! i(() t ellllwratllr(’  ~vas Ilot

too cold duc to higher air teul~mraturc atl(l ilwolatioll. I)uritlg  ttle niglit,  the t(’l[l~wrature

(lecr(:as(w  as well as tllc I)ackscat, ter. 111 fa(’t, t 11(’ t)il(”liS(’at  t (’1’ (“los(’ly f(lllo~vs  t 11(’ i(x) sllrface

tell~~wratur(’ variations over l)otll of ttl(’  (Iill[’llill t(’111~)(’rat 111(’ (y(’l(’s. ‘1’tlo  (xl)(’liill(~[lt:~l  r(wlllts

i[l(li(”at,(!  th:~t (Ii{lr[lal (’ff(xts 011 l)i~(ks(~~t  t (’r iil(’ slllwt atlt ial, tll(’r(’ is a ~jositii’(”  (olr(’latiotl”

t)(’t\V(’(’11 I)a(ks(at  t er all(l  t(>lll[)(:ri~tllr(’, a[l(l tll(’ tll(~lllli~l  efI(~(.t  OTI l)a(.ks(’:~tt(’r  is 1(’v(’rsiljl(,.



Ill tll(’ I’illl~(’ of” ItI{S-l look” ilIl~l(’S1 t)ii(”kS(ilt tot” 111( ’ilSll  I”(’111(’IltS of ttl(’ t nit] i((’ Stl(’(’t Stlo}!”  il :3-5

(113 i[l(’[(’iis(> irl ttlo tm(’ks(att,(’r lcv(~l (lllritl~ ttl(’ (lii~’  (“()[1(’sl)()tl(lill~  to tll(’ ris(’ ill i(() sllrfacc

t(’1111)(~1’iltlll(:.  It S110111(1 1)(’ [lot(’(l that tll(’ air t,(’1lll)(’l”:lt lll’(’ r(’[llairl(’(] 1)(’IOJV –lOO[; (Illritlg

tllc clltitc exp(lrirlletlt. ‘1’110  peaks in tllc backs(att  (’r (wctlrs (lllrillg aft (11’110011.  14’(’ at t rit)ut(’

t h i s  i n c r e a s e  to the tlherl]la] ex~mtwioll  of th(t I)titlc illclusiorls  all(l to tllc illct(’asc ill sea

ice effective permit  tivit,y due to the ice Jvatltlitlg. lrl tjcrlns of the absorl)tioti  of shortwave

radiation energy, brine pocket cnlargcltlent trarlsforrns  and collsutnes energy and tmcol[lcs a

component of the radiative distribution itl the heat I)udget  balance [Lforitz and Perovich,

1996]. Notice that the diurnal  effect is opl)ositc to the dfect of surface w’etness  011 thin ice;

the backscattm  drops in the case of surface wct,ness.

A s imi lar  increase  in backscattcr  due to irlcreasing ice tem~wrature  is e.vidcnt in ERS-1

SAR data from Arctic field cxpcriltlcnts.  WC corlducted the mlmritncllts  itl the Canadian

Arctic Archipelago to extend laljoratory  results  to natural conditions of tllc Arctic. JVC

examine bivariate  histograms for early consolidation (thick) and late consolidation (thin)

ice types i n  the areas CIIC1OS(XI by rectallglm  ill F’ig. 9a. The results indicate that when

the air tcrn~]erature increases bctwecll  tfvo [liflcrellt  data sets tllcrc is a detectal)le  increase

ill lxackscatter of sea icc }vitll  at] initial t)ackscattcrillg  coefficient bclo~v  — 19 dlj  as s(xIrI in

Fig. 91). The bivariate  plots for these t,wm thickness classes show that, the slllooth thick

icc rcsponc]s to the temperature change with all illcr(’asc in scattering (slo~)c  in tllc tail of

the histogram outside of the agreement bounds). NTote that backscattcr  of the thin  ice type

increases more under  this thermodynamic cycle than  does the thick ice area.

‘llll(’s(’  effects of dillrllal I’ariat  iolls or tcllll)(’l:itlll(’  (lIalIg(Is  arc illll)ortallt irl t 11(’ illt  crl)r(’tatioll

of wa ice dat a [Ng/Li(:7/L ct (d., 1997c]. SIIII syIl(tlroIlous  orl)its  of E1{S aII(l r{:li)..i]{s.-vi aloIIg

asc(’ll(lillg  atl(l (I(w(’llditlg ~mt 11s of t II(} satcllit,(w IJrol’i(l(” ol)s(’rvat ions of sca i(”(’ llsllally  (Illrillg

ill tllc late Itlorrlitlg an(l at, tllc CII(l of th(’ d a y . F’rol]l fi(tl(l  rll(’<lsllr(:l[l(’[its irl t II(’ 11( ’aufort

S(Ia, ~i?l~]it:?lx  (!t al. []~~~]  ill(licatc  t,lli\t  t  II(’ (li(lrI1al cy(’1(’  o f  solar ra(]iat  ioIl ill ]at(’ \viIlter

aII(l (Jar]y sl)rillg  iIl tll(’ Ar(. ti(. is sitllilar to t,llat  of a IIli(llatitll(l(J Jvirlt(’r. ‘1’11(1  (li{lrllal  (’fF(’(ts

011 i~it t(’111~)(’r:~t,llr(: i~ll(l 1):~(’ks(.;ittor  i~r(’ st IOIIX. ‘1’11(’r(’for(’, ill tile l a t e  ~villt(’r, s~)rirlg,  all(l

(I~~rly  fi~ll, variabilit,  i(’s ill tll(’ Imcks(.at t,er I(Iv(II of t llil~ i(’(’ stlolll(l 1~(~ int, (’ri)r(’t(’(1 ~vit tl (ar(’;
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t,ll(l t)a(:ks(:att(:t  viiriatiolui  (0111(1 bc a I(:sIJOIIS(I  to tll(:  ttl(~rl[lal (:llvirolltll(~  tit. F’or (.olwist (II1(”v

ill vi(:w of tll(:  (Iilltnal  e f f e c t s  and corr(:s~)olldillg t(:lllI)cratllrc  clltitlg(v+,  (Iiltil  i[l ilS(’(’Il(lillg

atl(l dcsccn(lillg  paths should Iw s(’l)arat(:(l ill tile (lata  itltct~)r(:ti~ti(j[l  of sca icr g(’oi)llysi(s.

Furt,herfnore because of tll(:  correlation  o f  backscat,t,cr  w i t h  t,(~t~l~)(~ratllrc  [NglLzc~)L (t 0,1.,

1997c], backscattcr  changes can bc cw~)loit(d  to stud-y  tllc cort(sl)ondil~g  chatqys  ill air all(l

ice tml~wratlurcs.
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5 Retrieval of Thin Ice Thickness

r{(:(o(!llt analyses o f  ~)olariltl(:tri( SAI{ (jl)scrvatiolls  o f  s(Ia ice cl(~arly  sl)ofvs ~wriaf iolis ill

lmrkscattcril~g  signat,utes }~’it,ll  al)lmr(~]lt,  icc thicktless, }v}Icte  t,tlc a~)l)ar(~llt  ttlicktlms  is esti-

Itlatcd from arlcillary dat,a and contextual illfor[[latiorl  in the SAR illlagcry itself. Altl]ough

the datjasets  cxamillcd here have yet to illcludc  direct  in-situ obscrlwtiolls  of t,tl(’ actual ice

thickness, the evidence for sigmatutcs variations of useful Inagnitudc  over roug]lly  tllc Iangc

of geophysically important ice thicknesses is colllpcllin.g.

5.1 L-Band F’olarimetric Observations

Wincbrenncr  et al. [1995] studied the variations in backscatterillg  signature at 24-cm ~va~Te-

lellgth. The observed signature variations are not, easily explaine(l in terllls of converltional

modeling of sea icc backscattming,  but  they ha}~e SIIOWI1 that an illtcractioll  Incchanism

directly involving reflection from tllc, icc-~vater  interface and scattering from the air-ice in-

tcrfacc can cxplairl  the otmervatiolls. L40reol’(Jr,  this m~)larlation  of the signature variations

indicates a potmltial  for direct scnsillg  of the tllick[lcss  of ulldcforlncd ne}v icc ill t,tlc thickness

range 0-50 cm using 24-cm wavelength SAR.

The copolar phase of the backscattcrcd  signal deIwnds primarily on the range to the target

area. g’hc difference bct}vecn the phases of signals ill these t~vo distinct l)ackscattering

rlleasurcnlents,  however, is cllaract(’ristic of the scattering I)roccss that giv(’s ris(’ to tllc

sig[lal.  The  copolar  phase  i s  t,y~)ic,ally  d(’[itlcd  as ttle (lncall) diff(’rellce ill ~)llas(’  Ix’tlv(x’t]

1111-  and \T\7-l)olarizc(l  t)ackscat,tcre(l  sigrlals. F’igurc  10 [Ifritl(’l)l(’tltl(:r  ct al., 1995] sllotvs

colmlar ratios and ])tlas(’s at, 2L1-c1ll  Jvav(’lollgt}l  (1,-} MI1(l), as functiolw of itlci(](’llco aIIglcs,

for  se~(~ral (Iistinct ice ty~)(’s, as olwerv(~d  ~vittl  the ,JI’I. AI RS.AI{ ill tll(~ Ileaufort  S(Ia (Illri[lg

1988.  Llllltiy(wt ic(’ aIId (a])])ar(~[lt  Iy) t  IIi(k firs t-yctlr icc (Iis])lay  (’()] )()lar lilt ios 11( ’iLt’ t 1)os(”

(’xl)(~(~t,(’(1 for scatt(’ri[lg frolll a sl[l;~ll-roll~tltl(’ss  slllfi~(’(’ Imul)(lilq+ cff(’cti~’(’ly illfi[lit  (~ t lli(k i(’(’.

‘1’11(’ (’or[(’sl)O1l(iitlg”  co~)olar  ~)lIas(Is (.lllst(’r  aroll]l(l il (’otlstallt  ref(’r(!nc(’ Valll(’,  tak(’11 lI(Jr(I 011



t 11( ’ol’(’ti(”ill gl’ollll(l S to 1)(’ Z(’1’(}  (l(’g I’(’(’S. ‘1’lt’()  (Ii fli’r(’rlt wgiotls  of a])l)ilr(’tlt  ly t tlili, 11~’LV Soil i((’,

Ilol\’(’I’(’I’, (Iisl)lay v(’1’~ (Iiff’(:r(’[it, si~llatllr(’s. 011(” [( ’;1([ iiI’(’;l SI1OJVS  (’()]  )()liil’ I) flits(’s  ;Ij)l)roxi[ll:it(’ly

15° l(Iss tharl tile r(’f(:r(!llc(’ vallI(I (i.e., fl(’~iltil’(’  (’()]  )()lil  I’ 1)11:1 S(’S), tOg(’tll(’I’ Ivitll  (’ol)olilt’” ratios

iI]terr]]ediatc  }x)twccII  tt)os(” cx])ect,(d,  aII(l ol)s(Irv(Id, f o r  thick  ic(! and ()])(111 sca Ivat(’r. .!

s(’con(l ar~ii from al)parcntly  thin first-year ice sllot~’s col)olar l)ilases 25° -cil)o\’c t 11(’ l[’f(!re Ilc(!

value  (positive co~)olar phases) all(l colmlar ratios slightly Iml(nv tllosc  of thick ice. ~llthougll

the correlation of 1111- and lW-polarized returns for IICW ice arc lower ttlan for thick ice or

water, the difference between IIC.W ice and ottler signatures cxcccds  the ullccrtainti(>s  ill their

estimation. Moreover, observations of leads in Atltarct,  ic pack im show [ WZTLchreTLrLer, 1996]

several examples of lcacts  containing ice of two different ages, evidently due to distinct opening

events; the apparently younger ice shows ncgat  i~re co~)olar  phases, w’hcrcas the neighboring,

apl)arently  older nmv ice shows positive co~)olar phases (again, relati~’c to nearl)y, apparently

thick ice). Thus observations in the t~vo polar regions sho~v  ne~v ice types ~vith co~)olar

ratios and phases strongly difrercnt from either  o~)eu water  or thick ice. The variation of

signatures ~!rith apparellt  thickness suggests a noll-lnonotonic  relation,  making it essential to

understand the variatiorl physically in order to illfor ice ttlickncss  frolll obserl’ations.

All exalnination  of pcrmittivity,  ~Jerlllitt  ivity  flllctuatiolw, and rougtlllcss  of nc~v sea ice indi-

cates scattering frolll the rough air-ice interface  to bc the domitlant  source of I)ackscattering

from this ice type [ W271cf!mn71er  ct al., 1992]. IIowe~er, neither classical rough surface scatter-

ing (assuming an infinite dept}l of rnateria]  t)clleath tllc roug}] surface) IIOr ~~olume  scatjterillg

models appropriate to sea ice readily pr(’(lict non-zero co~)olar phases. This apl)arent  con-

tradiction of ohsmvatiom  can tm r(’sol~wl  ty notillg that 24-cltl radiation call ~)1’(~~)agilt(’  far

e~lough  into new sca ico to t)c partly  rcfl(wt(’(1  Im.k UI) froltl t II{’ ice/}vat  cr t ratlsit  io[l ZOII(’;

part ially coher(mt  illt(’rf(’r(’tlce  tmt,ww’11 u})- all(l  (I(nvll-goirlg wwv(’ fiel(ls  i[l th(’ ic(’ is t raIISlilt (’(1

across t he rough air/ice illt crface into ttl(’ scatteml  flc](ls ill accordance Ivit 11 t 11(’ I)()(lll(lary

coll(lit, iotw at, that illtjerfacc. \riLriat ions i[l t IIis itltcrf(~r(’nc(J  ~vit 11 var~’illg t l\ickll(ws l(Ia(l to

varyi[lg  \WIIl(IS of (’()])()lar ra t  i(w all(l l)llas(’  ttli~t (Ii ff(’r frolll t nick i(c 01 01)(111 ~~i~t(’1 ~“i~lll(’s.

l{aII(IoIII  variatiolw i[l ic(~ ttli(’k[l(ss ov(Ir S,\I{ ~)ixcls (lil~lillisll(~sl t)llt  (lo(’s Ilot (Jlilllillat(’,  this

illt(’If(’r(’1](’(’.  (It is w:ry illl~)ort  alit,,  t,tlollgll,  t Ililt t tl(l l);~(~ks(’;~tt(’tillg  ol)s(’rvat ions Ilot 1)(’ i~V(’r-
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ag(’(1 OY(’1”  ttl(’ Iarg(’ Imll(livi(lttls  (’0111  [11011” it] gl’oll[ l(l-l):ls(’(]  I~l(lilI’  SySt(’I1l S t IIis (10(’S ill’(’l’ag(!

ollt a l l  of tll(’ itlt(!rf(!r(:tlco  111)011 wlli(’tl tll(’ sig]latllr(’ \’i\liatiO1l  (1( ’~)(’Il(lS. ) Cjlliilltitativ(’  ~)1(’-

dictjiolls of co{mlar  ratios atl(l  ~)llas(’s,  as fllll(tiolls of l[I(I;ltl i(() ttli(k[l(ws,  Sllolv viiriatiolls of

tlllc lnagl}itu(l(! O}x(!rv(:d witl]out tll~]i]lg  ]mrarrl(’ters ill t}l(:  SiglliltllI(’

al., 1 995].

hloreovm-, the ~)rmlictcd t,rajcctory  of copolar pllasc  and ratio ~vitll illcreasillg thick [less

et

is

single-valued thus a time-series obscrvatiolls  of polarilnet, ric backscattering,  ~vith ~)ropcr

temporal resolution, should be sufficient to estimate  nelv ice thickness. Note that SUCII an

estimation would be based on physics directly involving ice thickness, and not on observation

of any proxy for thickness such as ice type or the ice surface conditioll.  Clearly the next,

urgently  necessary step in cl(welo~)illg  l)olarilnctric  thickness estimation is a quantitative

test of our understandillg  using polarimetric  olmrvations  (of sufiicielltly  llatroJtr-l~all(l~vicltll)

alld direct, in situ observations of ice thickness. Airborne polarimetric  SA1{S arc mcellcnt

platforms for collecting data for pursuing such ex~)erimmltal wwrk.

5.2 Combined C- and L-Band Polarimetric Observations

~umk ct d. [1995] demonstrated ill one case study that, the thickness of thin  ice could  be

retrieved using a neural network trained  with results from a scatteritlg  nlode].  “1’he results

from their polatitnetric  scattering model smn to explain a large part of the varia])ility of thin

ice signature extracted froln the .JI’1, polaril[~(’tric  AI IKSAI{ observations. l{calistic ~)ro~x:rtim

o f  th[’ sea ice \v(’Ic Use(l  iIl tllcir I1lOd(’liIlg  (’fto[t. ‘J’lle  (letails of tllc scatt(’rillg Illo(lcl, ~vllicll

a(lwllllts for layer effects oll t)otj]l vOIIIII1(” ali(] sllrfa(c  scatt(’rillg Itl(’(:llallisl[ls,  call 1)( I folllld ill

Njhimn cl al. [1 9951)].  ‘1’hc ]Ilodcl  \~i~s vcrifi(>(l  \vit  h radar I[leasllr(:rtl(’llts of lalmrat ory gr(nvl]

i(’(!  \N~g}liUll (:t d . , ~ ~~Ta, N@i(:TIl (!t ( d . , 19wc] :~nd A r c t i c  S(W i(x) [Ngl~ic~l~  ct CL1., 199h].

T’l]is  rq)r(wnts aIl att(~In])t to il]t(:grat(~ th(’ k[lowl(dgc  froltl lal)orator.v”  IIl(Jt~sIII(JIIl( IIIts,  III()(lel

calculatio]w, aII(l rcslllts fro IIl fi(~l(l  ])rogri\]Ils to r(’tri(w  i(x’ thick  Il(’ss fro[Il r(~l[lot(”  s(’Iwi Ilg

(ltltil  s(’ts.  111 their stlldy,  s(’wral 1( ’a(ls  witl) tlli]l  i(() were idcntifi(’(1  usitlg  a[l(illary ill fol’ltliltioll”

aII(l co-i Il(:i(leut  I)assiv(’ It]i(’rOWilV(’  (-)l)s(’rt’at  iotis. ‘] ’il(’ ~)aSiS of t~l(:il’ illg(JI”it]lIIl  \f’i~S  to first



lrl:lsk (Jilt  lJotj(!lltiillly  (Oollfllsillg  ttli(k i(() si~tlatllr(’s il[l(l fo(’lls tll(’ [’(’t t”i(’lrill  1)1’()(’(’ss (Jrl 01)(111

1( ’a(ls w’tl(’r(: ttl(!r(’  is il IIigll(’r  Iik(’litloo(l”  ()[” [ill(liIlg  ttlill i((). ‘1’tlis t)~ [10 IIl(!ilIIS iltl  ol)(’I’iltioIliil”

iilgol’itlll[l t)llt :111 (:.x~)(’rirIlf’I)t;~l ;l~)])l(m(’tl. ‘1’11(1 rcslllts fo r  icc thi(klloss  (l(ri~wl  frotIl  ,ll)l. Cj-

aII(l IJ-tmIld  polar  ill)etric  Sfill{  (lata ar(: l)rescllte(l in Fig. 11 for ttlitl icc ill 11(’JVIY  OINIIL leads

in a Bcaufort  sea icc scene.

5.3 Low-Frequency Passive Sensing of Ice Thickness

It is advantageous to combine active and passive microwave data to approach the problem

of thickness retrieval for thin sea ice since the mechanisms responsible for active and passive

signature of thin sea ice are ctiffcrerlt. Hence, the information contained in active and passive

data regarding ice thickness arc cO1tl~)lelllelltar~’. In this res~)ectl  \ve consider brightness

temperature mcasuremmts lvith  ~)assivc ra(liometcrs  for their sensitivity to the thickness of

thin ice.

l’or passive remote  scmsing of sea  ice, the research undertake by the University of illas-

sachusetts focused on experitncntal  ot)servatioxw  using low frequency Inicrowalre radiometers.

~’h(’ suite of ir)strul[lellts used  to  obs(?rv(! sea i(’(’  at CI{REIJ illclu{](’s  P-t)alld,  IJ-baIld, aIld

S-band linearly polarized radiometers, which were Inoullte(l  on rigs placed alongside of the

GRF.  ‘1’he prime purpose of the choice of lmv frequencies to observe the ice is that these

frequencies tend to penetrate deep into saline icc so that changes ill observed brigtltncss  tem-

lmaturc  can bc correlated with changes in ice thickness during  the grmvth ~)hasv.  Although

I’-l)and will penetrate the dec~mst,  it is doul)tf(ll  that it ~vill  lx’ US(I(1 for lmssiw~  llii(mwavc

rcltlotc scllsing  from sl)acc for several rcasolls  illclll(lillg large ant(vltlasl radio frequency in-

tcrfcrcncc, and severe interactioxl  }vith tile ioll(wl)ller(’. 111 ttl(’ followillgs, \ve ~)r(’svnt  tllc case

for I.-l)aIld all(l  S-t)i~ll(l  data.

“1’}1(’  a t  t(’llllitt iotl  cocf[icicllt  for (Jl(’ctlotll:lgll(’t  i( \ViLV(’S ])rol)agiit ill~ itlt () a I(wy (Ii(’lwt t i c

Itlixturc is given l)y:



\YIIcr(!  j is fr(’(lll(?llcy, (“ is tll(’ sl)(:(’(1 of Iigtit ill fr(’(’ Sl)il(’(’, all(l ( &/(())” is 1 11(’ i[ll;l~illi~ry

~)ill’t of the s(l{lm: r(mt of t 11(’ relativ(’ (’ff(!ct  i~’(’ 1}(’r[llit  til’ity, which IIl(Ias IIr(Is ttl(’ 10ss of (Il(Ic-

trottlagtletic  wave energy ill tll(’ lllat(:rial.  \Y(I Ilot(” that n be(wl[les s[ual](’r as tll(’ fr(’(111(’ll(y

decreases. Since the pc]lctrat,ioll  del)t,ll is tll(’ reci~)rocal  of the attcllllation  co(:fiici(’rlt,  wave

penetration incrcascs with dccrcasiug  frcqumlcy, which forlm  the basis of the clloicc of 1(NV

frequency radiometers for sea icc obscrvatiolls. Figure  12 shows calibrated S-balld (daslle(l

liuc) arid L-baud brightness tctnpcratures for sluoot,h  water  (at the left of the figure) and

during initial growth of the saliuc ice sheet. NTotc that during  growth, the S-band  brightucss

temperature increases at a much greater  rate as the icc thickness increases. These obsmva-

tions are consistent with the formula for the attenuation, and is iuclewl  indicative that S-
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and 1,-band  can be used to detect ice that, is several celltimetcr  thick. This ca~)ability  to

sense thin ice types will adcl  value  to future  satellite remote  scmiug  systelns.



6 Summary

111 this lmlxIr, wc (waltl 11(1(1  t(wlllts  of llli(”r(m’av(’  lll(’tlslll’(’1  11( ’llts of Soa i(x) ill t 11(I ]il~)OI’ilto I”j”

(:llvilollt[lc:rlt  to Clraluat)e  ])ot(’Iltial li[lks  to airtmrll(’  aII(l S1)WWI)OIIIV  r(:Itlot(J  sensi  Ilg ol)s(lrva-

tiolls.  Such connections arc essc[ltial  ill tile irlt(:r~~r(ttatiorl  of s(:a icc rcl[lot(’ s(,llsirlg  (Iiltil  sets.

\lrc have focusscd  orL the thin sca ice tyl)(’ bccaus(’  it is ilrl~)ortallt to a 11111111)(11 of l)r(J((ws(Is

affcctiug ocean  and atmosphere interactions and lmausc  it is (’asily  gr(nvll  in tllc laboratory

conditions.

\JTe summarize scatterometer  measurements carried out duri[lg a ~)criocl  of 3 years from

1993 to 1995 in CRREL.  Comparisons of physical and structural charact(}ristics of lal)ora-

tory grown ice with those of natural sca icc sll(nv tllcir sitnilaritics.  IY’c rm’ic~v results of

C-band  polarimetric  scatteroln(!tcr  lneasurcments  of thin  ice in vielr of prcscllt arid future

aircraft and satellite SARS such as the JP1, AirSAR,  tile I)allish EhfISAR,  tile I;RS satel-

lites, RADARSAT, and EN\rISAT.  All these radars o~mate  at C band ~vith a ~aricty of

polarization capabilities.

I’rom laboratory backscatter  data of thin  saline ice gmwIl under quiescent coll(litions  at

constant temperatures, we suggest low’cr  bou II(ls or limits for rel[lotc  scnsillg  data becalm  arly

perturbation in the natural sea icc growth will increase the baclwcatter.  011 the otllcr hatld,

frost flowwr experiments illclicatc  strong  ttatlsicnt  (l-3 days) increases ill the backscattct  of

thin ice; this can be used to detect  frost flowers growll oll new ice usirlg backscatter  Ilistory

ill r(vnotc  sensing data. M’ct slush layer 011 tllill ice due to surface melting or flooding, as

studied iu tll(’ laboratory, calms si~llificallt  d(’(’r(’ases  in t)ackscat t et; sll(”ll  effects Carl 1)(’

a~)~)lied  t o cxanlillc  backscatter  during  scasollal  t,rallsit ions ~vit  1) t Ilc al)lwarallce of li(llli(l

water  on tjll(’  ice surface . Backscatt  (~r l]l(~:~sllt(~lll( ’rlts at t lie out(loor GI{h’ fa(ilit)’ re~’(~al

st rollg (Iiurllal cff(’cts  on l)a(’ks(. i~tt(’[ (ltlc t () t tl(’rlllal  (Oyclilig of tll(’ Soa icc vOIUII1(I.  ‘1’his is

illl~mrt  ant for itltcrpr(:tjat ion of sat(’llit c (lilt /1 a(’(lllir(xl  at (lay a]](l Iligllt  (c. g as((’rl(lillg atl(l

(1( ’s(vll(liug  orl)itjs)  because of (! ffects of i[lsolat ion atld t(’ltll)(’rat  ur(’ (v(l(’s.

W(I a l s o  (Iiscusscd onc of t)ll(’ [Ilor(” it[~~)ortatlt  I)rol)l(IIIIs  ill s(’a i(() r(’t[lot  (’ s(’llsillg  t 11(’ r(’-

2-1



t ri(’~wl  of i(() thick[l(’ss f[ol[) t(’l[lot(~  s(:Ilsi  Il~ (lat il. \V(’ SllI’V(’y(’(1  S(’\’(’lill  ~)ot(’[lt iill 111(’( 110(1S fot”

(’sti[rli~tillg  tlli(:krl(’ss of ttlill i((). 011(! is to (It iliz(’  (:ol)ol:ll’”  1)11:1s(’  1)( ’tu’(x’11 v(’lt i(’ill  illl(l tlori-

zolltal SA1{ 1(’tilt’IIS at 1. t)ii[l(ll lvllicll  t’(!lilt (’S to ttl(’ tlli(’kIl(’ss  of ti]ill i(:(’  (()-5() (“111) ttl I’ollgll  il

Cohmmt  iIlt(’r’act,iou  uldlauis I[l iIl\rolvi  Ilg r(’fl(’ct ioIH frottl tllc  ice layer  itit  er’fa(w.  ‘]’lIc  oth(!r

I~lethod is through the usc of IIcu Ial nctwwrk to derive ice tllickucss ftoIIl a (wl[lt)iIlatioIl

of (;-baud aud L-batl[l  S. AI{  dat,a  traitld  witl) a  sca ice ])olariInetric  lay(~r 1110(1(11.  F’itlallyl

wc consider passive tneasuremcuts  at low frequcllcim (S-t)aud ali(l IJ-lmII(l), ~vhicll  sh(nv iu-

cre.ases in brightness temperatures as tile ice thick(m. ‘1’hcsc are ~mtcntial  thickness retrieval

algorithlns  which could be used with future  satellite systems for sea ice remote sensing.
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Figure Captions

F i g u r e  1 .  C-t)and lmks(attcr  of  thirl i(() ~r(nvtl  url(ler lal)orator~” (’O1l(litiolls.” ~~al)ital

1(’ttcrs  Icpresellt

with a Gaussian

Figure 2. The

IIICaSU1(:d  data all(l  CI1[WS ilto 1110(1 (’1 calclllat  iO1ls [Nfg)li(’71~ (’t (11., 1997’a]

thickness distril)ution  with I[leatl  thickness from 2.5 to 12 (III.

upper  patlcls arc a ~)air of ERS-1 ilnagcs showing large o~x:llillgs  crcate(l

during  the observed time itltcrval of 3 days. The 10WCI pallcl  shows baclwcatter  of young  sea

ice in the opening.

Figure 3. Time-series of 13RS-1 ilnagcs  in the Arctic shmving  the evolution of sea ice

backscatter  in openings as the ice thickens ~vith tilnc.

Figure 4. %quencc  of ERS-1 ima.gcs over a 12-day  period illustrating the grotvth atlcl  decay

of frost flowers in an Arctic leads with the corresponding transient rcs~)onse in backscatter.

Figure 5. ‘1’he growth of frost flowers with itlcreasing areal co~wragc  during a 3-day exper-

itncnt in the CltREL  indoor refrigerated facility. The white horizontal object illdicated  by

the arrow in panel (a) is a 1O-C1]I rul(’r for rcfcr(!ncc.

Figure 6. Effects of frost flowws on lmckscattcr  Itlcasured with all frost flowers left intact.

w i t h  flower ice crystals  rclllovc!d  leaving  slush  l)atchc’s  011 the ice SLIIfa(W, atld theIl }vith the

slush removed to expose the bare ice surface.

Figure 7. Effects of a wet or SIUSII lay(~r forl[latiO1l  011 I)ackscat tcr lncasured  I)y co[[l~)aritlg

tmckscattcr  from lMW ice and tmckscat  t (’r ~vitll  SIIM1l cover l)y surface floo(lillg.

Figure 8. l~ariations ill t)ackscatt,(>r  caused by (Ii(lraal ttl(’r[l~al  cj’clillg. TIIC CIOS(I circles ar(>

f o r  backscatter  01,), (Iata at illcid(~llc(’  atlglr O == 25° all(l  tll(’ OIWI1 circles arc for icc surfac(’

t(’[[llmatur(’ T, (Iatn.

Figure 9.  E’i(’1(1  (wlx’ritIl(tI1ts  for s(’a i(() ill ttl(’  [;ilIlil(liilIl  :Ir(ti( ;lr(tlil)elago:  (ii) 1;11S-1
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Sf\I{ sc(vl(: of ttl(! (x~)(’rilll(tlt:ll  sit( ill(:lll(lillg  ttl(’ slllM(ItIc CI,(:l(M(I  it, t tl( l:irg(I III)])(II lMm

for ilIl (’arly (:orlsoli(l:ltjioll  Slllfil(’C with ttlick first-year, lllllltiJX’iii, all(l  l“llt)t)i(’  i(’(’ tyl J(’S, :111(1

t h e  sutwcenc  (:llclos(:d itl ttl(:  l o w e r  lmx for a lat(: Collsoli(l:ltioll i(() sllrface  wittl only  tllirl

first-year sea ice; and (b) ~)ivariatc  plots of backscattcr  in (IB tak(’rl at cold teltl~x’ratllr(’  for

the horizontal axis and at wamcr tclllpcraturc  for the vertical axis.

Figure 10. (a-c) Copolar  ratios, phases, and correlation magnitudes for nlult  iycar ice and

lead ice; and (cl-f and g-i) for two distinct groups of first-year icc samples of apparently

differing thickness.

Figure 11. Retrieval of ice thickness from JPL polarilnetric  SAR data for yourlg ice in the

newly opened leads shown in the sea ice scene on the left panel. The right panel S11OW’S the

derived thickness ancl the ice thick rless distribution.

Figure 12. Brightness temperature measurements at L-band  (soli(l curve) and S-band

(dashed curve) frequencies. Data on the left are for smooth open water and on the right for

the growth phase of thin ice.
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